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Melanogenesis and melanosome transfer from the melanocytes to the neighboring keratinocytes are induced by
ultraviolet radiation and modulated by autocrine and paracrine factors. Keratinocyte growth factor (KGF/ﬁbroblast
growth factor (FGF)7) is a paracrine mediator of human keratinocyte growth and differentiation. We evaluated the
inﬂuence of KGF on melanosome transfer in co-cultures of keratinocytes and melanocytes. Immunoﬂuorescence
analysis using anti-tyrosinase and anti-human cytokeratin antibodies, phagocytic assays using ﬂuorescent latex
beads, and ultrastructural analysis indicated that KGF is able to induce melanosome transfer acting only on the
recipient keratinocytes and as a consequence of a general role of KGF in the promotion of the phagocytic process.
Inhibition of proteinase-activated receptor-2, to block the Rho-dependent phagocytic pathway, or of the Src family
tyrosine kinases, to inhibit the Rac-dependent pathway, showed that KGF promotes phagocytosis through both
mechanisms. Increased expression of the KGF receptor (KGFR) on the keratinocytes by transfection led to in-
creased phagocytosis of latex beads following KGF treatment, suggesting that the KGF effect is directly mediated
by KGFR expression and activation. Moreover, confocal microscopic analysis revealed that KGFR localize in
phagosomes during KGF-induced phagocytosis, suggesting a direct role of the receptor in regulating both the
early steps of uptake and the intracellular trafﬁc of the phagosomes.
Key words: keratinocyte growth factor/melanosome transfer/phagocytosis
J Invest Dermatol 125:1190 –1199, 2005
Pigmentation of the skin and protection from ultraviolet (UV)
irradiation are known to be strictly dependent on the type
and quantity of melanin synthesized by the melanocytes
and its subsequent transfer to the neighboring keratin-
ocytes. Melanin is synthesized and packaged in organelles
containing melanogenic enzymes (tyrosinase gene family of
proteins), the melanosomes, which are translocated down
to the tips of the melanocyte dendrites and then transferred
to the neighboring keratinocytes, where they form melanin
cap over the nuclei to protect DNA from UV damage (for
recent reviews, see Boissy, 2003; Imokawa, 2004). The bi-
ological processes involved in melanosome transfer are not
completely defined and different mechanisms that may co-
exist have been proposed: (i) exocytosis of the melano-
somes into the extracellular space and their subsequent
endocytosis by keratinocytes; (ii) cytophagocytosis of the
dendritic tips of the melanocytes by keratinocytes; (iii) direct
injection of melanosomes into the keratinocytes. In support
of the model involving phagocytosis, there are several stud-
ies which analyzed the epidermal keratinocyte phagocytic
ability in vitro through internalization of latex microspheres
(Wolff and Konrad, 1972; Virador et al, 2002; Desjardins and
Griffiths, 2003).
It is well known that both melanosome release by me-
lanocytes and melanosome endocytosis and phagocytosis
by keratinocytes are induced by UV radiation and are mod-
ulated by autocrine and paracrine factors (Imokawa, 2004)
such as the melanocyte-stimulating hormone (a-MSH) (Vir-
ador et al, 2002). Ultraviolet B (UVB) irradiation of keratin-
ocytes stimulates pigmentation in human skin through
different mechanisms, including upregulation of me-
lanogenic enzymes and increase of melanocyte dendricity
and melanosome transfer to keratinocytes. More recently it
has been demonstrated that one of the mechanisms re-
sponsible for pigmentation induced by UVB is an increase in
the phagocytic activity of keratinocytes by upregulation in
the expression and activation of the proteinase-activated
receptor-2 (PAR-2) (Seiberg et al, 2000a; Sharlow et al,
2000). In fact, the expression of PAR-2 is increased in hu-
man skin and in cultured keratinocytes after ultraviolet R
(UVR) (Scott et al, 2001), and the inhibition of its activation
prevents UVB-induced pigmentation in vivo and melano-
some transfer in vitro (Seiberg et al, 2000b; Paine et al,
2001), reducing the phagocytic capability in keratinocytes.
Finally, it has been shown that the activation of PAR-2 re-
sults in activation of Rho (Scott et al, 2003), one of the Rho
family GTPase, which are known to play critical roles in
cytoskeletal remodeling during phagocytosis (Conner and
Schmid, 2003; Niedergang and Chavrier, 2004).
Abbreviations: EGF, epidermal growth factor; FGF, fibroblast
growth factor; KGF, keratinocyte growth factor; KGFR, keratin-
ocyte growth factor receptor; a-MSH, melanocyte-stimulating hor-
mone; NHK, normal human keratinocytes
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The earliest step in the cellular response to UV involves
ligand-independent phosphorylation and activation of
growth factor receptors (Coffer et al, 1995; Huang et al,
1996), subsequent triggering of signal transduction path-
ways (Rosette and Karin, 1996), and rapid expression of
early growth response genes (Egr-1) (Huang and Adamson,
1995). We have recently demonstrated that exposure to
UVB is able to trigger activation and internalization of the
receptor for the keratinocyte growth factor (KGF/fibroblast
growth factor (FGF)7) (Marchese et al, 2003), which is a
member of the FGF family and represents a key mediator of
epithelial growth and differentiation. Secreted from me-
senchymal cells, KGF elicits its activity specifically on ep-
ithelial cells (Finch et al, 1989; Rubin et al, 1989) through
binding to the keratinocyte growth factor receptor (KGFR), a
splicing transcript variant of the FGFR2 (Miki et al, 1991,
1992). On cultured human keratinocytes, KGF acts as a
potent mitogen, promotes their early differentiation (March-
ese et al, 1990) and inhibits their terminal differentiation and
apoptosis (Hines and Allen-Hoffman, 1996). In vivo, KGF
appears to play a role in experimental and human wound
healing (Werner et al, 1992; Marchese et al, 1995). In ad-
dition, KGF induces cell migration and reorganization of the
actin cytoskeleton (Putnins et al, 1999; Mehta et al, 2001;
Galiacy et al, 2003).
Since both UVB and KGF may activate KGFR, inducing a
similar signal transduction, the aim of this study was to
evaluate if KGF, similarly to UVB, could promote melano-
some transfer through direct action on the keratinocytes,
providing also a model for selective analysis of the contri-
bution of the recipient keratinocytes to the transfer process.
Results
KGF induces melanosome transfer The process of
melanosome transfer from melanocytes to keratinocytes
has been widely studied in vitro using co-culture models of
the two cell types (Seiberg et al, 2000a; Duval et al, 2001;
Scott, 2002; Boissy, 2003). Therefore, to evaluate in vitro the
possible role of KGF on melanosome transfer, we used ei-
ther primary co-cultures of human keratinocytes and me-
lanocytes (40:1 seeding ratio) or co-cultures of the human
immortalized keratinocytes HaCaT with a melanoma cell line
(20:1 seeding ratio). Co-cultures of the two cell lines were
incubated with human recombinant KGF (5–50 ng per mL)
for different times ranging from 30 min to 6 h, or they were
exposed to different doses of UVB irradiation (20–60 mJ per
cm2) or treated with a-MSH (160 ng per mL) as positive
controls. To evaluate the melanosome transfer, we per-
formed immunofluorescence analysis with anti-tyrosinase
polyclonal antibodies to identify melanosomes and to un-
equivocally identify the keratinocytes in the co-cultures,
double immunolabeling with anti-cytokeratin monoclonal
antibody was performed. Immunostaining of untreated co-
cultures showed tyrosinase-positive dots almost exclusively
in the cytoplasm of melanocytes (Fig 1A), whereas in co-
cultures treated with either KGF (Fig 1B) or a-MSH (Fig 1D)
as well as in those exposed to UVB (Fig 1C) the fluores-
cence spots became visible also in the cytoplasm of cyto-
keratin-positive HaCaT cells surrounding melanocytes,
which indicates increased melanosome transfer to the ker-
atinocytes (po0.001, po0.001, and po0.001, respective-
ly). Quantitative analysis of the melanosome transfer in co-
cultures of HaCaT keratinocytes and melanocytes exposed
to UVB, KGF, or a-MSH, compared to unexposed cells or to
cells treated with heat-denatured KGF or with an unrelated
protein (bovine serum albumin (BSA)) was performed by
counting for each treatment the percentage of tyrosinase-
positive keratinocytes (containing at least 25 dots) on a total
of 500 cells, randomly observed from 10 fields in two dif-
ferent experiments and expressed as mean value  SE: the
results showed increased melanosome transfer at the UVB
dose of 40 mJ per cm2 and at the KGF dose of 20 ng per mL
(Fig 1E), which correspond to the plateau doses (data not
shown).
Similar results were obtained using primary cell co-cul-
tures of human keratinocytes and melanocytes: in fact, as
described above, double immunofluorescence staining with
anti-tyrosinase antibody revealed that both KGF treatment
and UVB exposure induced an increase of intracytoplasmic
tyrosinase-positive dots corresponding to transferred
melanosomes in keratinocytes (po0.05 and po0.01, re-
spectively) (Fig 2A–E and G, I). Parallel ultrastructural anal-
ysis showed intact melanosomes inside phagosomal
structures in the keratinocytes following KGF treatment
(Fig 2F, arrow), confirming the in vitro transfer of melano-
somes. As expected, however (Hara et al, 1995; Hearing,
2000; Duval et al, 2001; Virador et al, 2002), whereas ex-
posure of melanocytes co-cultured with keratinocytes to a-
MSH or UVB irradiation triggered dendrite formation and
transport of melanosomes to the dendritic tips (arrows in Fig
2C, G, H), KGF treatment appeared to promote melano-
some transfer to keratinocytes without affecting melanocyte
morphology (Fig 2B and E); in addition, melanosome trans-
fer in KGF-treated co-cultures appeared to occur from ex-
tensions of both melanocyte and keratinocyte bodies and
through large cell–cell contacts (Fig 2B and E). Thus, dif-
ferently from UVB and a-MSH, KGF appears to induce
melanosome transfer acting primarily on the recipient
keratinocytes.
KGF triggers phagocytosis of latex beads in keratin-
ocytes Since our observations demonstrated that the
melanosome transfer could be increased by signaling in-
duced by KGF, we wondered if this effect could be a con-
sequence of a possible role of KGF in promoting the
phagocytic process, which seems to represent a crucial
step for melanosome uptake by keratinocytes. To evaluate
the possible modulation of keratinocyte phagocytic activity
induced by KGF we performed immunofluorescence anal-
ysis using inert latex beads. Differently sized fluorescent
beads, which could correspond to individual small or large
melanosomes as well as to clusters of small melanosomes,
were added to human primary keratinocytes and a quan-
titative analysis of the intracellular fluorescence intensity
was performed to estimate the quantity of beads internal-
ized. We incubated the keratinocytes for 6 h with fluores-
cent microspheres of 0.1 mm (green) and 1 mm (red) in
diameter in presence or absence of KGF (20 ng per mL) or
after UVB irradiation (40 mJ per cm2). Compared to un-
treated cells (Fig 3A), KGF treatment induced an increased
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uptake of fluorescent latex beads as a consequence of
stimulation of the phagocytic activity (Fig 3B and D) (green
beads: po0.0001; red beads: po0.001). Cells exposed to
UVB, as positive controls, show a clear increase of intra-
cellular fluorescent beads (Fig 3C and D) (green beads:
po0.0001; red beads: po0.001). Quantitative analysis of
the fluorescence intensity in KGF treated or UVB exposed
keratinocytes, compared to control cells, confirmed that
both treatments were able to increase the phagocytic ac-
tivity of the keratinocytes (Fig 3D), although the effect of all
treatments was more evident for the uptake of the smaller
0.1 mm beads, as expected (Virador et al, 2002).
Since the 0.1 and 1 mm beads are respectively smaller
and larger than melanosomes, we next assessed the
phagocytic process using beads of 0.5 mm in diameter,
more similar to the melanosome size. First we performed
dose–response experiments evaluating the uptake of the
beads after incubation with KGF at different doses (5–50 ng
per mL). We observed that the number of internalized
beads/cell reaches a plateau using KGF at the dose of 20 ng
per mL (data not shown). In addition, we performed, on
primary keratinocytes and HaCaT cells incubated with 0.5
mm beads in presence or absence of KGF (20 ng per mL), a
time course (30 min, 1, 2, 4, and 6 h) to evaluate the uptake
kinetic of fluorescent latex beads. Quantitative analysis
performed counting the number of internalized beads/cell
demonstrated that the KGF induces at every time point
analyzed an increase of beads uptake compared to un-
treated cells (Fig 4Q) (normal human keratinocytes (NHK):
po0.05 at 30 min, 1 h; po0.01 at 2, 3 h; po0.001 at 4 h;
Figure 1
KGF induces melanosome transfer in
co-cultures of HaCaT (K) and melano-
ma (M) cells. (A–D) Double immunolabe-
ling with anti-tyrosinase antibody (green)
and anti-cytokeratin antibody (red) shows
that, different from untreated cultures, in
both keratinocyte growth factor (KGF) (20
ng per mL for 6 h) (B) or ultraviolet B
(UVB)-treated cultures (40 mJ per cm2) (C)
the keratinocytes, identified by the posi-
tive staining for cytokeratin, appear fre-
quently to contain intracytoplasmic dots
positive for tyrosinase, indicating melano-
some transfer. Parallel experiments using
melanocyte-stimulating hormone (a-MSH)
(160 ng per mL for 6 h) (D) also show an
increased uptake of melanosomes by ker-
atinocytes. Scale bar¼10 mm. (E) Per-
centage of tyrosinase-positive HaCaT
cells co-cultured with melanoma cells
treated for 6 h with KGF (20 ng per mL)
or a-MSH (160 ng per mL) and exposed to
UVB (40 mJ per cm2) compared with un-
treated cells and to cells treated with
heat-denatured KGF (20 ng per mL) or
with bovine serum albumin (0.7 nM).
Immunolabeling with anti-tyrosinase anti-
body shows that both KGF and UVB
treatments clearly increase melanosome
transfer to HaCaT cells. Results represent
the mean value  SE. For each treatment,
a total of 500 cells, randomly observed
from 20 microscopic fields in two different
experiments, were analyzed.
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po0.01 at 6 h) (HaCaT: po0.05 at 30 min, 1, 2 h; po0.01 at
4, 6 h). Examination of the cells by fluorescence microscopy
and parallel phase contrast (Fig 4A–P) revealed that the ef-
ficiency of beads uptake is KGF dependent. The amount of
internalized beads 1 h after addition was reduced with re-
spect to the accumulation of beads observed at 4 h, and
furthermore, NHK revealed a higher phagocytic activity com-
pared to the HaCaT cells. Moreover, the internalized beads
were localized largely beneath the plasma membrane after 1
h of beads incubation (Fig 4A–D, I–L), whereas after 4 h were
distributed throughout the cells and preferentially accumu-
lated near the perinuclear region of the cells (Fig 4E–H, M–P).
To search for possible expected differences (Minwalla
et al, 2001) in the phagocytic behavior of keratinocytes from
light or dark skin, we compared the effect of KGF on the
uptake kinetics of fluorescent latex beads in primary ker-
atinocytes derived from light and dark skin individuals. Al-
though preliminary, the results showed no differences, at
least up to 6 h of incubation, in the phagocytic uptake of the
keratinocytes; however, both cell cultures respond similarly
to the KGF treatment with a significant increase in the up-
take of the beads (Fig 4Q).
In order to analyze in more detail the phagocytic mech-
anism induced by KGF, we performed conventional thin
section electron microscopy on human primary keratin-
ocytes incubated with 0.5 mm beads in the presence or
absence of KGF at different time points (30 min and 4 h).
Ultrastructural examination revealed typical features of
Figure 2
KGF induces melanosome transfer in
co-cultures of human primary keratino-
cytes and melanocytes. (A–H) Immuno-
fluorescence and electron microscopy
analysis following keratinocyte growth
factor (KGF) treatment (20 ng per mL for
6 h) or exposure to different doses of ul-
traviolet B (UVB) (40–50–60 mJ per cm2).
Immunolabeling with anti-tyrosinase anti-
body to identify melanosomes shows
an increase in fluorescent spotted signal
in keratinocytes, revealing melanosome
transfer from melanocytes (M) to the
neighboring keratinocytes (K). In UVB-ex-
posed cells, the melanosomes appear to
be transferred to the keratinocytes from
the tips of long and narrow melanocyte
dendrites (arrows in C, F, G), whereas KGF
treatment promotes melanosome transfer
to keratinocytes from large extensions of
the melanocyte body and through cell–cell
contacts (B, E). Nuclei are stained with
40,6-diamido-2-phenylindole dihydrochlo-
ride. Ultrastructural analysis shows intact
melanosomes inside phagosomal vac-
uoles after KGF treatment (F, arrow). Scale
bars: (A–E, G, H)¼10 and F¼ 1 mm.
(I) Percentage of tyrosinase-positive hu-
man keratinocytes in co-culture of human
primary keratinocytes and melanocytes
treated with KGF (20 ng per mL for 6 h) or
melanocyte-stimulating hormone (a-MSH)
(160 ng per mL for 6 h) or exposed to UVB
(40–50–60 mJ per cm2) compared to un-
treated cells. The melanosome transfer
process appears to be increased by KGF
and a-MSH treatments with respect to
untreated cells and the UVB dose of 40
mJ per cm2 is sufficient for the maximal
transfer. Results represent the mean val-
ue  SE. For each treatment, a total of
500 cells, randomly observed from 20 mi-
croscopic fields in two different experi-
ments, were analyzed.
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human keratinocytes such as bundles of cytoplasmic ker-
atin tonofilaments (Fig 5A–C). As shown in Fig 5A and B,
treatment with KGF for 30 min triggered the formation of
membrane protrusions extending around the bead to be
ingested (arrows in 5A and B), features characteristic of the
zippering mechanism in the early phase of the phagocytic
process regulated by activation of Cdc42 and Rac (Conner
and Schmid, 2003; DeMali and Burridge, 2003). Further-
more, ultrastructural analysis of KGF-treated cells after 4 h
of incubation showed the presence of internalized beads
surrounded by phagosomal membranes localized in the
perinuclear area (arrow in Fig 5C), suggesting intracellular
transport in phagocytic structures from the cell periphery to
central locations as occurring for melanosomes after trans-
fer to keratinocytes (Boissy, 2003).
Since there are multiple phagocytic pathways, that are
known to be associated with different signaling events, we
were interested to evaluate whether the cytoskeletal re-
modeling occurring in the KGF-induced phagocytic process
would involve activation of Rho or of Cdc42 and Rac. In
fact, Rho is required for actin assembly in the phagocytosis
mediated by activation of the C3 complement receptor
(Conner and Schmid, 2003; DeMali and Burridge, 2003),
and in human keratinocytes it is involved in the mechanism
of melanosome transfer mediated by the PAR-2 (Scott et al,
2001, 2003), whereas Cdc42 and Rac are required for actin
recruitment to the phagocytic cup during FcgR-mediated
phagocytosis (Conner and Schmid, 2003; DeMali and
Burridge, 2003). Therefore, we investigated the possibility
to affect keratinocyte cytoskeletal reorganization and to re-
duce the KGF-induced phagocytosis using specific inhib-
itors of PAR-2 to block the Rho-dependent pathway, and
inhibitors of the Src-family tyrosine kinases to inhibit the
Rac-dependent pathway. NHK were treated with soybean
trypsin inhibitor (STI, 1%, 0.1%, 0.01%) for inhibition of
PAR-2 (Paine et al, 2001), or with PP1 [4-amino-5-(4-me-
thylphenyl)-7-(t-butyl)pyrazolo-D-3,4-pyrimidine] (10, 20 mM)
for inhibition of Src-family protein tyrosine kinases (Kwiat-
kowska et al, 2002), in the presence or absence of KGF (20
ng per mL) and incubated with 0.5 mm fluorescent micro-
spheres for 4 h. As shown in Fig 5D, both inhibitors ap-
peared to decrease the uptake of the beads induced by
KGF, interfering with the keratinocyte phagocytic ability.
Thus, KGF seems to promote phagocytosis through both
Rho-dependent and Cdc42/Rac-dependent mechanisms.
To evaluate if the KGF effect on keratinocytes in inducing
phagocytosis and melanosome transfer would be mediated
by KGFR expression and activation, we used HaCaT cells
transfected with KGFR and we performed the phagocytic
assay with 0.5 mm beads in presence or absence of KGF.
Immunofluorescence staining with an anti-Bek antibody (Fig
6A–F), which recognizes the extracellular portion of the two
splicing variants FGFR2 and KGFR, followed by quantitative
analysis of the internalized beads (Fig 6G) showed that
in HaCaT cells overexpressing KGFR by transfection, com-
pared to cells with endogenous levels of the receptor, the
ability to ingest the fluorescent beads after KGF treatment is
drastically increased (po0.01). Furthemore, the observation
that the internalized beads appeared yellow instead of red
as the extracellular ones (Fig 6A–D) prompted us to inves-
Figure 3
KGF treatment promotes phagocytosis of 0.1lm (green) and 1 lm (red) beads in keratinocytes. (B) Keratinocyte growth factor (KGF) treatment
(20 ng per mL for 6 h). Exposure to ultraviolet B (UVB) (40 mJ per cm2) (C). Nuclei are stained with 40,6-diamido-2-phenylindole dihydrochloride.
Scale bar¼10 mm. (D) Quantitative analysis of the fluorescence intensity resulting from the intracellular green and red beads shows an increased
uptake, in particular of the 0.1 mm green beads, induced by KGF (20 ng per mL for 6 h) or UVB exposure (40 mJ per cm2) compared with untreated
cells. Analysis was performed evaluating 150 cells for each condition, randomly taken from 10 different microscopic fields, and values are expressed
as the average of measurements  SE.
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tigate the possible localization of KGFR in the phagocytic
structures. Subsequent confocal analysis confirmed that
the two signals (KGFR: green and beads: red) colocalized in
yellow dots located either beneath the cell surface (Fig 6E)
or in intracellular spots (Fig 6F). These results showed that
KGFR localize in phagosomal compartments during KGF-
induced phagocytosis, suggesting a direct role of the ac-
tivated receptor in regulating the process not only in the
early steps of uptake, but also along the intracellular traffic
of the phagosomes.
To further assess the role of activated KGFR in promoting
phagocytosis, we treated NHK with KGF as above in the
Figure 4
KGF produces the internalization of 0.5lm beads in human primary keratinocytes and HaCaT cells. (A–P) Immunofluorescence analysis and
parallel phase contrast microscopy of human primary keratinocytes (A–H) and human immortalized keratinocytes (HaCaT) cells (I–P) incubated with
0.5 mm fluorescent microspheres (red) in the presence or absence of keratinocyte growth factor (KGF) treatment (20 ng per mL). In KGF-treated cells
(C, G, K, O), an increase in the number of internalized beads compared to untreated cells (A, E, I, M) is evident after both 1 and 4 h of incubation. In
addition, at the 4 h time point, the beads appear preferentially localized in the perinuclear area, indicating intracellular transport of the beads inside
phagocytic structures. Nuclei are stained with 40,6-diamido-2-phenylindole dihydrochloride. Scale bar¼10 mm. (Q) Quantitative analysis of the 0.5
mm beads in normal human keratinocytes (NHK), NHK of light and dark skin individuals, and human immortalized keratinocytes (HaCaT) cells
demonstrates that KGF (20 ng per mL) induces an increased uptake of the beads (red and green lines) compared to untreated cells (blue and brown
lines). Analysis was performed by counting the number of internalized beads in 150 cells for each condition, randomly taken from 10 microscopic
fields in three different experiments, and values are expressed as the mean value  SE.
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presence of the tyrosine kinase inhibitor genistein (100 mM):
the quantitative results of the uptake of 0.5 mm beads dem-
onstrated that the kinase activity of KGFR is required for the
KGF phagocytic effect (Fig 6H). In addition, to test the
specificity and peculiarity of the KGF action, compared to
that of other known growth factors for keratinocytes, we
treated human primary keratinocytes also with the epider-
mal growth factor (EGF): the results showed no significant
increase of fluorescent beads inside keratinocytes treated
with EGF compared to untreated cells (Fig 6H).
Discussion
Melanosome transfer is a complex process, that involves a
series of cellular and molecular events in both the melanin
producing melanocytes and the recipient keratinocytes;
however, only a few environmental and physiological factors
are known to be responsible for the regulation of such
process. In addition, these modulatory factors, such as UVB
radiation or a-MSH, act on both melanocytes and keratin-
ocytes, rendering more difficult to dissect the process in
order to define the single contribution of the two cell types.
Moreover, it was recently recognized that the keratinocyte
plays a central active role in the process through regulation
of its phagocytic ability (Seiberg et al, 2000a). In this paper,
we propose that KGF, which acts directly only on the re-
cipient keratinocytes by binding to its receptor expressed
exclusively on cells of epithelial origin (Miki et al, 1991,
1992), induces phagocytosis and melanosome transfer
in vitro. This effect is induced by KGF, but not by the other
epithelial growth factor EGF, suggesting a specific activity of
KGF in this process. The presence of KGFR in the phago-
somes following KGF treatment and the increased uptake of
the latex beads in KGFR transfected keratinocytes strongly
suggest a role of the receptor in the melanosome transfer.
This direct role is further demonstrated by the block of the
KGF-induced phagocytic effect in the presence of the ty-
rosine kinase inhibitor genistein, indicating that receptor
kinase activity and signaling are required for the increased
uptake. In addition, KGFR localization in perinuclear phago-
somes implies a possible involvement of the receptor in
regulating the intracellular transport of the melanosomes
from the periphery to the central area of the keratinocytes
(Boissy, 2003).
Since we have recently demonstrated that UVB, similarly
to KGF, induces activation and internalization of KGFR
(Marchese et al, 2003), we propose here that KGFR could
play a general role not only in the KGF-mediated but also in
the UVB-induced uptake of melanosomes by the keratin-
ocytes and in their translocation to the central perinuclear
area of the cytoplasm for protection of the nucleus. For this
purpose, the upmodulation of the KGFR during epidermal
differentiation observed in vitro and in vivo (Marchese et al,
1997; Capone et al, 2000) may be required for increased
efficiency of melanosome transfer to the suprabasal kera-
tinocytes composing the epidermal melanin unit, leading to
an increased protection from the damages induced by UVB;
in fact, it is well known that UVB radiation is less penetrat-
ing, reaching only suprabasal keratinocytes, but more dam-
aging compared to UVA.
Furthermore, the ultrastructural analysis of KGF-treated
keratinocytes, showing ruffling induction and engulfment of
the latex beads by surface extensions, together with the
Figure 5
Inhibitors of PAR-2 and of Src-family
tyrosine kinases significantly reduce
KGF-induced phagocytosis. (A–C) Ul-
trastructural analysis of normal human
keratinocytes (NHK) incubated with 0.5
mm microspheres for 30 min (A, B) or 4 h
(C) in the presence of keratinocyte growth
factor (KGF) (20 ng per mL). After 30 min
of incubation, membrane protrusions,
which extend around the beads to be in-
gested (arrows in A and B) are visible on
the cell surface, whereas after 4 h the in-
ternalized beads are surrounded by the
phagosomal membranes (arrow in C). PM,
plasma membrane; er, endoplasmic re-
ticulum; k, keratin filaments; NM, nuclear
membrane; Nu, nucleus. Scale bars¼ 0.5
mm. (D) Quantitative immunofluorescence
analysis of NHK incubated with 0.5 mm
fluorescent microspheres, treated with
soybean trypsin inhibitor (STI, 0.01%,
0.1%, and 1%) and 4-amino-5-(4-methyl-
phenyl)-7-(t-butyl)pyrazolo-D-3,4-pyrimi-
dine (PP1) (10 and 20 mM) in the presence
or absence of KGF (20 ng per mL) for 4 h.
Both inhibitors appear to block the KGF
effect on the stimulation of beads uptake.
The analysis was performed by counting
the number of internalized beads in 150
cells for each condition, randomly taken
from 10 microscopic fields in three differ-
ent experiments, and values are expres-
sed as the mean value  SE.
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experiments using the inhibitors of the Rho- and Rac-de-
pendent pathways, indicate that the KGF induced phago-
cytosis requires actin assembly, that both Rho and Rac/
Cdc42 mediated mechanisms may coexist, and that PAR-2
activation is partially involved. These results are consistent
with the known role of KGF in regulating actin organization
(Mehta et al, 2001) and controlling cell migration (Putnins
et al, 1999; Galiacy et al, 2003). In addition, it has been
reported that KGFR interacts with the p21-activated protein
kinase (PAK) 4 (Lu et al, 2003), one of the PAK family
Figure 6
KGF promotes phagocytosis in HaCaT cells transfected with KGFR. Cells untreated (A and B) or treated with KGF (20 ng per mL for 2 h) (C–F)
were incubated with 0.5 mm fluorescent microspheres (red): the uptake induced by KGF is enhanced in cells overexpressing KGFR by transfection
and identified by staining with anti-Bek antibody (green) (C, D). Confocal analysis reveals the presence of KGFR in phagocytic structures: co-
localization of the two signals (KGFR: green; 0.5 mm beads: red) either at the cell surface (arrow and inset in E) or in intracellular compartment after
bead internalization (arrow and inset in F) is shown in yellow. Arrowhead in E points to an extracellular red bead. Scale bars: (A–D)¼10 and (E, F)¼ 5
mm. (G) Quantitative analysis of the 0.5 mm beads shows that the uptake of beads induced by KGF is greater in HaCaTcells highly positive for KGFR.
Analysis was performed by counting the number of internalized beads in 150 cells for each condition, randomly taken from 10 microscopic fields in
three different experiments, and values are expressed as the mean value  SE. (H) Quantitative analysis of normal human keratinocytes (NHK)
incubated with 0.5 mm fluorescent microspheres, treated with genistein (100 mM) in the presence or absence of KGF (20 ng per mL) for 6 h: the
tyrosine kinase inhibitor appear to block the KGF effect on the stimulation of beads uptake. Parallel quantitative analysis of NHK treated for 6 h with
KGF (20 ng per mL) and epidermal growth factor (EGF) (20 ng per mL) shows that, unlike KGF, EGF does not affect the beads uptake. The analysis
was performed by counting the number of internalized beads in 150 cells for each condition, randomly taken from 10 microscopic fields in three
different experiments, and values are expressed as the mean value  SE.
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members, which are downstream targets of Rac and
CDC42. Therefore, both that study and our current results
suggest that the KGFR is able to activate the Rac/Cdc42
pathway. Although further work is needed to better eluci-
date the molecular mechanisms and KGFR signaling in-
volved in such KGF-mediated phagocytic process, as well
as to clarify the role of KGFR in the UVB-induced me-
lanosome transfer, our results propose a new role of KGFR
and its ligands in the human skin and suggest that the ex-
pression of this receptor on the suprabasal layers of the
epidermis may be crucial not only for cell survival (Hines
and Allen-Hoffman, 1996), but also for efficient photopro-
tection by increasing the amount of melanin incorporation
into keratinocytes during pigmentation.
Materials and Methods
Cells Primary cultures of NHK and normal human melanocytes
(NHM) were derived from neonatal foreskin as previously described
(Pincelli et al, 1994); primary cultures of NHK were derived from: 19
y old/female lightly pigmented (light NHK) and 39 y old/female
darkly pigmented (dark NHK (Cascade Biologics, Portland, Ore-
gon). Primary cells were maintained in Medium 154 (Cascade
Biologics) supplemented with Human Keratinocyte Growth Sup-
plement (HKGS, Cascade Biologics) and Human Melanocyte
Growth Supplement (HMGS, Cascade Biologics) plus antibiotics.
In primary co-cultures, keratinocytes and melanocytes were seed-
ed at a ration of 40:1 and were maintained in Medium 154
supplemented with HKGS and Ca2þ (0.15 mM). The human ker-
atinocyte cell line HaCaT and the human melanoma cell line MST
(kindly provided by Dr Armando Bartolazzi, Ospedale Sant’Andrea,
Rome, Italy) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and antibiot-
ics. The seeding ratio of cell lines co-culture was 20:1.
For KGF and a-MSH treatments, cells grown on coverslips
previously coated with 2% gelatin onto 24-well plates were serum
starved for 12 h and then incubated with recombinant human KGF
at different concentrations (5, 10, 20, and 50 ng per mL) (Upstate
Biotechnology, Lake Placid, New York) and for different time points
(30 min, 1–2–6 h) at 371C or a-MSH (Sigma Chemicals, St Louis,
Missouri) (166.4 ng per mL) for 6 h. As control of the specificity of
KGF activity, treatments with KGF inactivated by heating (951C for
5 min), EGF (10–50 ng per mL) (Upstate Biotechnology) and BSA
(0.7 nM) (Sigma Chemicals) were used in parallel experiments.
Radiation of cells between 270 and 400 nm, peaking at 310 nm,
was delivered from UVB lamp, Philips TL20W/12 (Philips GmbH,
VS-Schwenningen, Germany). The irradiance was regularly quan-
tified by a calibrated radiometer equipped with an SCS 280 pho-
todetector (International Light, Newburyport, Massachusetts) and
was 0.59 mW per cm2 at a distance of 25 cm. UVB irradiation was
performed with different doses (20, 30, 40, 50, and 60 mJ per cm2)
and cells were harvested 6 h after irradiation.
For beads uptake experiments, NHK and HaCaT cells grown in
coverslips onto 24 plates were serum starved for 12 h and then
incubated with fluorescent microspheres 0.1 mm (green), 0.5 mm
(red), and 1 mm (red) in diameter (FluoSpheres Fluorescent Micro-
spheres, Molecular Probes, Eugene, Oregon) for different time
points (30 min–1, 2, 4, and 6 h) at the following concentrations:
36  1010 particles per mL, 72  107 particles per mL, and
36  107 particles per mL. In addition, primary keratinocytes were
incubated with fluorescent microspheres 0.5 mm in diameter for 4 h
at different concentrations of KGF (5, 10, 20, and 50 ng per mL).
HaCaT cells, grown in coverslips onto 24 plates, were transiently
transfected with the pCEV27 vector containing human KGFR cDNA
(kindly provided by Dr Stuart A. Aaronson, New York, New York),
using Effectene Transfection Reagent (Qiagen, Valencia, California)
according to manufacturer’s instructions. Cells were serum-
starved for 12 h, then incubated with fluorescent microspheres
0.5 mm in diameter for 2 h in the presence or not of KGF (20 ng
per mL), and finally fixed for immunofluorescence 48 h after
transfection.
For inhibition of PAR-2 and Src-family tyrosine kinases, NHK
were incubated with fluorescent microspheres 0.5 mm, in the pres-
ence of soybean trypsin inhibitor (STI, Sigma Chemicals) (1%,
0.1%, and 0.01% in phosphate-buffered saline (PBS)) and [4-ami-
no-5-(4-methylphenyl)-7-(t-butyl)pyrazolo-D-3,4-pyrimidine] (PP1,
BioMol Research Laboratories, Plymouth Meeting, Pennsylvania)
(10, 20 mM), and treated with KGF (20 ng per mL) for 4 h. For
tyrosine kinase inhibition, NHK were incubated with fluorescent
microspheres 0.5 mm in the presence of genistein (100 mM, Sigma
Chemicals) for 30 min before incubation with the growth factor and
the beads and then kept during subsequent incubations for 1–6 h.
The study was approved by the medical ethical committee of
the San Gallicano Dermatological Institute and was conducted
according to the Declaration of Helsinki Principles. Participants
gave their written informed consent.
Immunoﬂuorescence and confocal microscopy All cells, either
in single cultures or in co-cultures, after treatments with the growth
factors or UVB irradiation, were fixed in 4% paraformaldehyde in
PBS for 30 min at 251C and permeabilized with 0.1% Triton X-100
in PBS for 5 min. For double immunofluorescence, cells were in-
cubated with the following primary antibodies: anti-tyrosinase po-
lyclonal antibody (1:25 in PBS) (C-19, Santa Cruz Biotechnology,
Santa Cruz, California), anti-human cytokeratin monoclonal anti-
body (1:100 in PBS) (clone MNF116, Dako, Carpinteria, California).
The primary antibodies were visualized after appropriate washing
with PBS, using the following secondary antibodies: rabbit anti-
goat IgG-FITC (fluorescein isothiocyanate) (1:300 in PBS) (Cappel
Research Products, Durham, North Carolina), goat anti-mouse
IgG-Texas Red (1:50 in PBS) (Jackson ImmunoResearch Labora-
tories, West Grover, Pennsylvania). Transiently transfected HaCaT
KGFR cells were incubated with rabbit polyclonal anti-Bek (1:50 in
PBS) (H-80, Santa Cruz Biotechnology), visualized using a goat
anti-rabbit IgG-FITC (1:500 in PBS) (Cappel Research Products).
Nuclei were visualized using 40,6-diamido-2-phenylindole dihydro-
chloride (DAPI) (1:10,000 in PBS) (Sigma Chemicals). Fluorescence
signals were analyzed either by recording stained images using a
CCD camera (Zeiss, Oberkochen, Germany) and IAS2000/H1 soft-
ware (Delta Sistemi, Rome, Italy) or by confocal vertical (x–z)
sections (interval: 0.5 mm) obtained with a Zeiss Confocal Laser
Scan Microscope (Zeiss). Percentage of tyrosinase-positive cells in
co-cultures of keratinocytes and melanocytes exposed to UVB or
KGF or a-MSH compared to unexposed cells was analyzed count-
ing for each treatment, a total of 500 cells, randomly observed from
10 fields in two different experiments and expressed as mean val-
ue  standard error (SE). Quantitative analysis of the fluorescence
intensity of green microspheres was performed evaluating at least
100 cells for each condition, randomly taken from five microscopic
fields, and values are expressed as the average of measure-
ments  SE. Quantitative analysis of the beads 0.5 mm in diameter
was performed by counting the number of internalized beads in
100 cells for each condition, randomly taken from 10 microscopic
fields in three different experiments, and values are expressed as
the mean value  SE. Statistical analysis was performed using the
Student’s t test and significance level has been defined as po0.05.
Electron microscopy Co-cultures of human primary keratin-
ocytes and melanocytes incubated with recombinant human KGF
(20 ng per mL for 4 h) or irradiated with UVB (40 mJ per cm2) and
single cultures of primary keratinocytes incubated with 0.5 mm flu-
orescent microspheres in the presence or absence of KGF (20 ng
per mL) at different time points (30 min, 4 h), were washed three
times in PBS (pH 7.4) and fixed with 2% glutaraldehyde in the
same buffer for 2 h at 251C. Samples were post-fixed in 1% os-
mium tetroxide in veronal acetate buffer (pH 7.4) for 2 h at 251C
and were stained with uranyl acetate 2% (5 mg per mL), dehy-
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drated in acetone and embedded in Epon 812. Thin sections were
examined poststained with uranyl acetate and lead hydroxide.
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